This paper presents a brief overview and technical highlights of the research efforts and studies on rotary engines over the last several years at the NASA Lewis Research Center. The review covers the test results obtained from turbocharged rotary engines and preliminary results from a high performance single-rotor engine. Combustion modeling studies of the rotary engine and the use of a Laser Doppler Velodmeter to confirm the studies are d1s-cussed. An In-house program 1n which a turbocharged rotary engine was 1n-stalled 1n a Cessna Skymaster for ground test studies 1s also covered. Details are presented on single-rotor stratlfled-charge rotary engine research efforts, both In-house and on contract.
INTRODUCTION
The NASA Lewis Research Center has been working on Intermittent combustion (I.C.) propulsion systems for general aviation aircraft since 1973. The Initial NASA, FAA, and Contractor efforts were directed toward the measurement and characterization of engine exhaust emissions, 1n response to the proposed EPA aircraft emissions standards. NASA's program also Included consideration of alternative, completely different engine types (such as rotarles) as well as trying to Improve the current-production reciprocating engines.
As part of this effort, the Curt1ss-Wr1ght RC2-75 aircraft rotary engine ( fig. 1 ) was tested to determine the exhaust emission levels characteristic of this type of engine. The test results showed that the hydrocarbon (HC) emissions exceeded the formerly proposed emissions standard by 39 percent, but both the carbon monoxide (CO) and oxides of nitrogen (NOx) were within the proposed limits. The brake specific fuel consumption (BSFC) at the cruise condition of 77 percent power, was 328 g/kW-hr (0.54 Ib/bhp-hr). This BSFC was 15 to 20 percent higher than typical, then-current aircraft gasoline piston engines of comparable power. However, the rotary's specific weight was 0.766 kg/kW (1.26 Ib/hp), which was about 20 percent lower than typical, nonturbocharged aircraft piston engines.
A follow-on contract with Curt1ss-Wr1ght Incorporating a higher compression ratio, and other minor modifications to this, engine, reduced the cruise BSFC to 274 g/kW-hr (0.45 Ib/bhp-hr), while meeting the former aircraft exhaust emission standards. 2). In the latter tests, the measured minimum BSFC of an automotive-type rotary engine was Improved from 322 g/kW-hr (0.53 Ib/bhp-hr) to 274 g/kW-hr (0.45 Ib/bhp-hr) after minor modifications to accept turbocharglng and a leaner fuel schedule. The NASA and Curt1ss-Wr1ght results tend to confirm that the rotary can be competitive 1n fuel economy with comparable reciprocating gasoline engines.
Meanwhile, advances 1n stratlf1ed-charge rotary engine technology were made by Curt1ss-Wr1ght 1n the design and development of the large 5735 cm 3 /rotor (350 1n 3 /rotor) multi-fuel engine ( fig. 2) The rotary engine performance appeared to be slightly better than that of the Diesel and considerably better than the other candidates. Installation-related advantages and predicted passenger-comfort levels (based on low vibration) were viewed as significant positive factors 1n the overall rotary evaluation, which only the small turboprop could match. Additional factors that favored . the rotary engine were the ease with which the rotary could be adapted to stratlfled-charge operation (ref. 9) --thus enabling 1t to burn jet fueland Its ability to be scaled over a wide range of horsepower ratings (ref. 10).
A projected Installation drawing for an advanced rotary aircraft engine design 1s shown 1n figure 3. The Installation and related advantages are Illustrated 1n figures 4 and 5 for a single engine aircraft, and 1n figures 6 and 7 for a twin. These designs were part of the study by Curt1ss-Wr1ght and Cessna (ref. 3) showing the advantages of the advanced design stratlf1ed-charge rotary engine. In the final analysis, the Diesel and the rotary were favored from a technical viewpoint, because of their high efficiency; while the turboprop and rotary were favored from a marketing viewpoint, because of the perceived marketing advantage of the Installation and lower no1se/v1brat1on signature. Thus, the rotary emerged from the study process as the best candidate -not an overwhelming winner 1n any one category, but creditably strong 1n all.
In summary, the stratlfled-charge rotary engine presents a uniquely desirable combination of characteristics: Figure 9 shows the program schedule Indicating the current status, the milestones achieved, and milestones to be completed. Figure 10 briefly Indicates some of the technologies that need to be pursued 1n follow-on work. (The schedule to achieve these technologies 1s subject to possible funding variations over the next several years.) In addition to those listed 1n figure 10, further advanced technologies which should be Investigated Include: adlabatlc components, lightweight rotors, high speed apex seal concepts, and material compatabHlty studies for seals and housings. Given appropriate and continuing NASA and Industry commitments, the results of these efforts will be factored Into the design of an advanced stratlfled-charge rotary engine, for commercial development and certification by the early 1990's.
LEWIS IN-HOUSE RESEARCH PROGRAMS Outboard Marine Corporation (OMC) Engine
A single-rotor, 655 cm 3 (40 1n
3 ) displacement direct-Injected, stratlfledcharge engine was obtained from the OMC 1n October 1983. This experimental engine ( fig. 11 ) will be used to accomplish the following objectives: (1) demonstrate performance using Jet-A fuel with the OMC charge-cooled rotor design and Curt1ss-Wr1ght/Deere pilot Injection configuration; (2) obtain performance and combustion data for two different combustion chamber geometries; (3) validate the Improved method of obtaining pressure and combustion data from multiple pressure transducers; and (4) evaluate the effectiveness of Improved performance by using micro computer control systems on the fuel Injection and Ignition system. The Initial testing will be conducted on the "as received" engine. All testing will be conducted with complete engine Instrumentation to obtain, engine performance data, detailed energy balance, and combustion data. The engine will then be modified with a combustion system similar to the Curt1ss-Wr1ght/ Deere system used 1n SCRC 1-40T baseline testing. A complete series of engine tests will be conducted on the modified engine. After baseline testing of the unmodified engine, two turbocharged versions were assembled with commercially-available turbochargers of the general type shown 1n figure 12. Both turbocharger Installations were similar to that shown 1n figure 13. Carburetlon and boost pressure levels for each Installation were specified for the turbocharger under test.
The performance resulting from each turbocharged build 1s compared with the naturally-aspirated (N.A.) baseline data 1n figure 14. The latter shows a maximum power of 89 kW (119 bhp) at 7000 rpm. The first turbocharged build used the stock (small-venturl) carburetor and a conservative boost pressure limit of 48.3 kPa (7 pslg) to obtain 114 kW (153 bhp) at 6000 rpm. This represents a 36 percent power boost with minimal stress on the engine structure. The second build used a high-flow aftermarket carburetor and Increased boost of 69.7 kPa (10.1 pslg) to develop 143 kW (191 bhp) at 7000 rpm -a 61 percent power Increase.
Steady state cruise test data were also collected at 78 kW (105 bhp) with both lean and rich carburetor jets with the first turbocharged build as shown 1n figure 15. The most economical test point obtained was 274 g/kW-hr (0.45 Ib/bhp-hr) on the lean (lower) curve at 4000 rpm and 78 kW (105 bhp). However, at the lean operating conditions, the turbine Inlet temperature exceeded the maximum allowable temperature of 900° C (1650° F) by approximately 110° C (200° F). Continued operation at these conditions over an extended period of time would cause failure of the turbine.
High Performance Single Rotor Engine Program
Two custom built, 573 cm^ (35 1n   3 ) displacement, single-rotor engines were obtained to support In-house rotary engine aircraft research programs. Several of these programs will be discussed 1n more detail later on 1n this paper. One additional program that will make use of this high performance single-rotor engine 1s an apex seal program designed to evaluate new seal materials and seal concepts.
The engines were built from 1980 12A Mazda engine parts, modified to accommodate an existing single-rotor shaft. Housing sets were modified to allow either a bridge-ported or a peripheral-ported engine configuration. Figure 16 1s 
The bridge-ported engine has been Installed and has been operated at speeds to 9000 rpm for short durations. More recent running of the engine, up to 8000 rpm has been accomplished for longer periods to establish an optimum running speed and throttle setting for long duration seal testing. Some preliminary results of this testing are presented 1n figure 18 . The data Indicate that the engine can be run for long periods of time at 7000 rpm at a throttle setting of 75 percent, without excessive overheating of the coolant and lubrication systems. The nominal BSFC at this setting was 316 g/kW-hr (0.52 Ib/bhp-hr) at an air/fuel ratio of 14:1 with a measured output of 61 kW (82 bhp).
Material Research for Advanced Rotary Engines
Most of the high temperature material research for the last ten years has been directed at Improving the gas turbine engine, and to a lesser extent the Diesel engine. In order to take advantage of these new materials for use 1n the rotary engine, Lewis Research Center has established a program that Includes both experimental testing and analytical analysis of all major engine components.
One current In-house program 1s directed at analytically establishing the thermal boundary conditions using an existing rotary engine combustion computer code developed by the Massachusetts Institute of Technology, Cambridge, Massachusetts. The validity of this computer code will be verified with test data obtained from an Instrumented, single-rotor engine. Figure 19 1s a photograph of the trochold housing that will be used 1n these tests. The housing has been fitted with thermocouples to evaluate heat transfer, and with trlelement strain gages to determine the stresses caused by the engine loads. The majority of the Instrumentation 1s located at tthe critical region around the spark plugs.
Further use of the Information obtained through In-house testing will support the development of several finite-element computer design codes. One code to evaluate rotor housing deformation and Its subsequent effect on apex seal performance, 1s being developed through a grant to Michigan Technological University, Houghton, Michigan. Contract work at Analysis and Design Application Company, Ltd. (ADAPCO) will further utilize the results 1n their finite-element analysis 1n a feasibility design study of engine components plasma sprayed with thermal barrier coatings. Two thermal barrier coated rotors are shown 1n figure 20. Because of the unique combustion chamber shape of the rotary engine, the relative benefits of thermal barrier coatings may be greater than with other engines. The rotary engine has a larger coolant heat rejection, and combustion tends to be slow 1n Its elongated, highly-quenched combustion region. Reduction of these cooling losses should result 1n faster combustion (by replacing cool quench areas with hot reaction-promoting areas) and Increase the energy available 1n the exhaust gases which can be partially recovered with turbocharglng or turbocompoundlng (ref. 14) .
In addition to the thermal barrier coating work, testing will be carried out on new ceramic apex seal material combinations. Material compatibility testing will be done either In-house or on contract, depending upon which 1s most cost effective and which 1s the most timely. Figure 21 shows a standard rotor with partially stabilized zlrconla (PSZ) apex seals, one of the proposed materials.
Ground Test Aircraft Program
A ground test facility built from a military surplus 0-2A Cessna Skymaster aircraft as shown 1n figure 22, 1s being used to study englne/alrframe Integration and cooling problems with liquid-cooled rotary engines. The same facility provides a test-bed for conducting research on the performance and wear of rotary engine components 1n a representative test, environment with aircraft and propeller Induced dynamics and vibration.
The Skymaster aircraft has twin air-cooled engines 1n a push-pull configuration. Tr1-ax1al vibration pickups were Installed on the forward reciprocating engine, the firewall, Instrument panel, and co-pilots seat rail for the Initial testing. Baseline vibration and cabin noise tests were conducted by operating the forward engine over a range of test conditions. The Continental 0-360, 157 kW (210 hp), reciprocating engine was removed as shown 1n figure 23, and the engine mounting was modified to accept the rotary engine.
A Mazda 13B, 655 cm 3 /rotor (40 1n 3 /rotor) two-rotor engine was modified as shown 1n figure 24 by Installing a cog belt propeller reduction system. The belt reduction ratio will be determined by dynamometer testing of the engine, but 1t 1s expected to be approximately a 3:1 reduction. The engine will be turbocharged so that a takeoff power of 157 kW (210 hp) may be achieved.
A complete data collector system, similar to the system shown 1n figure 25, has been Installed on mounting racks 1n the aft section of the 0-2A cabin. The Initial test program 1s shown 1n figure 26. This facility will be used for testing several rotary engines of different horsepower ratings and will eventually be used for testing a stratlfled-charge rotary aircraft engine from the ongoing research programs.
Rotary Engine Combustion Process Research
In the area of combustion research, programs have been established for both the rotary and piston engines to gain a fundamental understanding of the Internal processes that occur within the engine. These efforts Include both numerical simulation and detailed experimental studies. These are covered 1n detail 1n reference 13.
Numerical simulation studies of the fluid flow, heat transfer, and combustion processes Inside the combustion chamber of a direct-Injection, stratlfledcharge rotary engine are 1n progress through a grant at the University of Florida, Gainesville, Florida. These two-dimensional and three-dimensional codes, based on the Navler-Stokes equations, are being developed to study an Idealized two-dimensional rotary engine as well as a more realistic threedimensional rotary engine. An example of the preliminary output of the twodimensional code 1s shown 1n figure 27. At the present time, various boundary conditions for the Intake, exhaust, and fuel-Injection ports are still being tested for accuracy and numerical stability. The development of the threedimensional code 1s still 1n the programming stage.
A schematic of the rotary engine combustion chamber flow visualization system 1s shown 1n figure 28. The system consists of the modified singlerotor engine configuration, the pulsed ruby laser, the holocamera, and an ac drive motor. The front and rear end housings have been modified to permit the Installation of four sapphire windows, (two per housing) for access to the combustion chamber. Additional modifications Include end housing coolant passages, main journal bearings, and consideration of replacing the metallic apex and side seals with seals that would be more compliant. The engine with the sapphire windows 1s currently 1n the assembly stage and planned for completion by late summer, with an Initial check-out of the rotating components to follow. A check-out of the total system while motoring at 3000 rpm will be accomplished under a contract with Installation at the Lewis Research Center by the end of the year.
SUMMARY
Studies at NASA and several aircraft and engine companies Indicate that the rotary engine 1s a viable candidate for future light aircraft propulsion systems. These studies have shown that fuel savings on the order of 25 to 50 percent are possible and could result 1n a substantial reduction 1n the world aviation gasoline fuel consumption. The status of the research and technology programs at NASA Lewis Research Center for the advancement of the rotary engine for light aircraft 1s listed below.
The original NASA/Curt1ss-Wr1ght contract for the design, fabrication, and acceptance testing of an advanced stratlfled-charge rotary test engine has been taken over by Deere and Company, and 1s nearlng completion.
In-house testing of a small stratlf1ed-charge engine from the Outboard Marine Corporation 1s 1n progress.
Turbocharged rotary engine testing has been completed and results showed 36 to 61 percent Increases 1n power with commercially available turbo systems.
Combined with a lean fuel schedule, this also resulted 1n a significant Increase (approximately 180 percent) 1n cruise fuel economy.
High temperature material research for rotary engines has begun with both analytical studies (computer codes) and experimental verification of engine components to determine their potential for advanced rotary applications. Ceramic coated rotors and ceramic apex seals are scheduled to be tested 1n the high performance single-rotor engine.
Preparation for ground testing of rotary engines 1n an aircraft Installation have been Initiated. Several rotary engines of varying horsepowers, engine to propeller gear ratios, and propellers are planned for future testing. A stratlfled-charge engine will also be tested 1n this facility when available. 
